A genome and physiological comparison was made of the type strains of Desulfotomaculum species belonging to subgroup 1a and of 'Desulfotomaculum reducens' strain MI-1. Phenotypically, 'Desulfotomaculum reducens' strain MI-1 can be distinguished from the other described Desulfotomaculum species of subgroup 1a by its ability to grow with propionate and butyrate. In addition, the strain is able to use a variety of metals as electron acceptors. Metal reduction has not been tested in the other species, but seems likely based on our genome analysis. Phylogenetic 16S rRNA gene sequence analysis and the average nucleotide identity between the genomes of the species of subgroup 1a show that strain MI-1 represents a novel species within the Desulfotomaculum 1a subgroup, Desulfotomaculum reducens sp. nov. The type strain is MI-1 T .
The genus Desulfotomaculum was created for sulfatereducing bacteria that form heat-resistant spores (Campbell & Postgate, 1965) . Later, the group of Gram-positive, spore-forming, sulfate-reducing bacteria was expanded with the description of the genus Desulfosporosinus (Stackebrandt et al., 1997) . This group now also contains Desulfovirgula (Kaksonen et al., 2007a) and Desulfurispora (Kaksonen et al., 2007b) . Moreover, several species of Desulfitobacterium form spores but they reduce sulfite not sulfate (Villemur et al., 2006) . Gram-positive, sporeforming, sulfate-reducing bacteria can be found in various ecosystems, including subsurface environments. Desulfotomaculum species appear to play a particularly important role in carbon cycling in these environments (Aü llo et al., 2013) .
The genus Desulfotomaculum was divided into seven subgroups within the order Clostridiales (Stackebrandt et al., 1997) . Desulfotomaculum ruminis and Desulfotomaculum nigrificans, both long-established species, are positioned in subgroup 1a, along with 'Desulfotomaculum reducens' (Fig. 1) , which was the first Desulfotomaculum with a sequenced genome (Tebo & Obraztsova, 1998; Junier et al., 2010) . However, a phylogenetic description of the strain representing 'Desulfotomaculum reducens' was never presented and the proposed name was never validated. Recently, the genomes of Desulfotomaculum ruminis strain DL T (DSM 2154 T ), Desulfotomaculum nigrificans strain Delft 74 T (DSM 574 T ) and Desulfotomaculum carboxydivorans strain CO-1-SRB T (DSM 14880 T ) were described (Spring et al., 2012; Visser et al., 2015) . Based on genome comparison, Desulfotomaculum carboxydivorans was found to be a synonym of Desulfotomaculum nigrificans (Oren & Garrity, 2005; Visser et al., 2014) , showing the importance of genome sequencing in the description of species. The genome of Desulfotomaculum hydrothermale strain Lam5
T (DSM 18033 T ) described by Haouari et al. (2008) became available recently as well (Amin et al., 2013) .
Here, we performed a comparison of the physiological and genome properties of subgroup 1a Desulfotomaculum species with an emphasis on the distinctive features of 'Desulfotomaculum reducens' as compared with other 1a Desulfotomaculum species. Table 1 shows morphological and physiological characteristics of five Desulfotomaculum strains of subgroup 1a. Phenotypically, 'Desulfotomaculum reducens' strain MI-1 can be distinguished from the other described Desulfotomaculum species of subgroup 1a by its ability to grow with propionate and butyrate, which are oxidized incompletely to acetate. In addition, the strain is able to use a variety of metals as electron acceptors, a property that is unknown for the other subgroup 1a members. 'Desulfotomaculum reducens' is not able to grow autotrophically nor is it able to use acetate as an electron donor for growth, which is a typical property of all subgroup 1a Desulfotomaculum species.
In addition to phylogenetic 16S rRNA gene sequence analysis (Fig. 1) , the available genome sequences of subgroup 1a Desulfotomaculum species allow another phylogenetic comparison, i.e. the average nucleotide identity (ANI) between the strains. In general, a threshold ANI value of 95 % for species circumscription is used (Goris et al., 2007; Richter & Rosselló -Mó ra, 2009) . Pairwise ANI BLASTN values between the described species and 'Desulfotomaculum reducens' are less than 75 % ( Table 2 ). The former Desulfotomaculum carboxydivorans and Desulfotomaculum nigrificans have an ANI BLASTN value of about 99 % (Table 2 ). This genome comparison and the distinct physiological properties reported above support the fact that 'Desulfotomaculum reducens' strain MI-1 represents a distinct novel species in Desulfotomaculum subgroup 1a. Table 3 shows general genome information of four different Desulfotomaculum subgroup 1a species, 'Desulfotomaculum reducens', Desulfotomaculum hydrothermale, Desulfotomaculum ruminis and Desulfotomaculum nigrificans. The genome of 'Desulfotomaculum reducens' contains 3324 protein coding genes, of which 1905 have homologues in Desulfotomaculum ruminis, Desulfotomaculum nigrificans or both (Fig. 2 ). The 1419 protein coding genes that have no homologues in Desulfotomaculum ruminis and Desulfotomaculum nigrificans include genes coding for enzymes involved in propionate and butyrate degradation. The ability to grow with these compounds clearly distinguishes 'Desulfotomaculum reducens' from the other members of subgroup 1a.
Extensive research was done on dissimilatory metal reduction by Geobacter and Shewanella species. These Gram-negative bacteria use a multitude of multi-heme c-type cytochromes, which are localized in the cytoplasmic membrane, the periplasm and the outer membrane (for a review see Richter et al., 2012) . Several studies were dedicated to the identification of proteins involved in metal reduction in 'Desulfotomaculum reducens' (Junier et al., 2011; Dalla Vecchia et al., 2014; Otwell et al., 2015) . In contrast to metal reduction by Gram-negative bacteria, no c-type cytochromes are involved in metal reduction by 'Desulfotomaculum reducens'. Otwell
Desulfotomaculum putei TH-11 T (AF053929)
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Desulfotomaculum reducens MI-1 T (CP000612) 'Desulfotomaculum reducens' can utilize glucose ( Table 1 ).
The genes encoding the proteins for glycolysis were previously described (Junier et al., 2010) . Furthermore, 'Desulfotomaculum reducens' can utilize fructose. However, when grown with fructose, cells are stressed and elongated. The genome of 'Desulfotomaculum reducens' contains only one phosphoenolpyruvate, the carbohydrate phosphotransferase system (PTS), which is predicted to be glucose-specific, but lacks fructose-specific PTS encoding genes. In Escherichia coli, fructose can diffuse into the cell via a permease of the glucose PTS and is subsequently phosphorylated with ATP and a manno(fructo)kinase (Kornberg et al., 2000) . In Corynebacterium glutamicum, however, fructose is recognized, translocated and phosphorylated by its glucose PTS (Ikeda, 2012) . In both cases growth is affected when these strains have deficient fructose PTS and use their fructose transport alternatives. Fructose transport in 'Desulfotomaculum reducens' could be performed by one of these alternatives. However, because the genome of 'Desulfotomaculum reducens' lacks a gene coding for a manno(fructo)kinase, it is more likely that fructose transport in 'Desulfotomaculum reducens' resembles the alternative described in C. glutamicum.
By contrast, the two Desulfotomaculum nigrificans strains only have a fructose-specific PTS, while Desulfotomaculum ruminis and Desulfotomaculum hydrothermale have the glycolysis pathway but lack both a glucose-and a fructosespecific PTS. This suggests that the absence of these PTSs prevents the use of glucose and fructose in Desulfotomaculum ruminis and Desulfotomaculum hydrothermale.
From the presented physiological and genome comparison it is clear that 'Desulfotomaculum reducens' strain MI-1 belongs to a distinct species within the Desulfotomaculum 1a subgroup, Desulfotomaculum reducens sp. nov.
Description of Desulfotomaculum reducens sp. nov.
Desulfotomaculum reducens (re.du9cens. L. part. adj. reducens converting to a different state, referring to the ability of the type strain to reduce a variety of electron acceptors).
Cells are motile, slightly curved rods (0.8-1.0|5-10 mm).
Oval, subterminal to terminal spores are formed at the end of the exponential growth phase. Optimum growth occurs at 37 uC, at pH 7.0-7.2 and with v2 % NaCl. Utilizes a wide range of organic compounds including short chain fatty acids (propionate, butyrate and valerate), alcohols (methanol, ethanol, n-propanol and n-butanol) T . An ANI value of 95 % or lower is used for species circumscription (Goris et al., 2007; Richter & Rosselló -Mó ra, 2009 The type strain is MI-1 T (5DSM 100696 T 5ATCC BAA-1160 T ) and was isolated from sediments from Mare Island Naval Shipyard located in the San Francisco Bay estuary, California, that were contaminated with high concentrations of Cr(VI) and other heavy metals. The DNA G+C content of the type strain is 42.3 mol% (deduced from the genome). T and Desulfotomaculum nigrificans DSM 574 T . The number of homologous protein coding genes (homologous is defined as having at least 60 % amino acid identity) is given inside the areas of the overlapping circles. The figure was created using the program Venn diagram plotter available from the Pacific Northwest National Laboratory Software Distribution Center (http://omics.pnl.gov).
